Abstract-Sensory feedback is of vital importance in motor control, yet rarely assessed in diseases with impaired motor function like stroke. Muscle stretch evoked potentials (StrEPs) may serve as a measure of cortical sensorimotor activation in response to proprioceptive input. The aim of this study is: 1) to determine early and late features of the StrEP and 2) to explore whether StrEP waveform and features can be measured after stroke.
tion-and compensation-the emergence of new movement patterns [1] . Although proprioception, stereognosis (i.e., the ability to recognize objects without visual input) and tactile sensation are commonly impaired after stroke [2] , assessment and training of sensory modalities is generally not part of regular therapy. This is surprising given that voluntary motor control takes place in a closed loop where sensory feedback is essential [3] . Indeed, there is evidence that training of sensory function reduces impairment after stroke [4] .
Integrity of the sensory pathways can be assessed by measuring the cortical response, by means of electroencephalography (EEG) or magnetoencephalography (MEG), to an external stimulus. The electrically elicited somatosensory evoked potential (SSEP) is used in clinical practice to evaluate whether sensory input is processed by the brain, for example in comatose patients or patients unable to communicate [5] . The early peaks of an evoked potential (within the first 30 or 40 ms after the stimulus in case of the median nerve SSEP) represent the arrival of sensory information at the cortex, indicating the integrity of the afferent sensory pathways. Later peaks are associated with processing of the sensory input [6] , [7] .
Abnormal SSEP waveforms were found in patients after stroke, indicating the presence of sensory deficits [8] . Presence, latency and amplitude of the early peaks of the SSEP (N20 and N20-P25) were found to normalize during motor recovery after stroke [9] , [10] . Some studies even found the early peaks of the SSEP to be of predictive value regarding motor recovery after stroke; absence of the SSEP early after stroke is associated with poor motor recovery [11] , [12] .
Electrical stimulation of the median nerve provides a mixed artificial activation of sensory fibres, mainly related to tactile sensation [13] , which does not necessarily reflect sensory feedback relevant for motor control. Real joint movement and muscle stretch also activate sensory fibers. This elicits a cortical response which can resemble sensory feedback and subsequent sensorimotor integration in movement control more closely, with a large contribution of muscle spindle afferent feedback [14] [15] [16] [17] [18] . It was shown that such a muscle stretch evoked potential (StrEP) has a different shape and involves activation of other cortical areas compared to the electrical SSEP [16] , [17] . More specifically, the sources generating the first peaks of the StrEP are positioned a few centimeters anterior of the sources of the first peak (N20) of the electrical SSEP. Authors concluded that the StrEP is generated, at least in part, by the primary motor cortex [16] , [17] , while the electrical SSEP is generated by the primary sensory cortex [13] .
Prevalence of proprioceptive deficits was found to exceed that of tactile deficits after stroke [2] . Muscle stretch addresses the afferent volley involved in motor control, mainly proprioception, and activates cortical motor areas. Muscle stretch may therefore be an attractive way of assessing integration of sensory feedback in motor function during motor recovery after stroke. As most of the motor function recovery happens within the first weeks after stroke [1] , assessing proprioceptive function objectively in the subacute phase can provide additional insight in the role of sensory feedback in the recovery of motor control. However, before the potential clinical value of the StrEP can be established, invariant features of the StrEP need to be determined in a normal population. Furthermore, the feasibility of estimating StrEPs in the subacute phase after stroke should be demonstrated.
The aim of the current study is two-fold: first, we identify early and late components of the StrEP and their variability across stretch amplitudes and measurement sessions in a group of normal subjects. Consistent presence of the StrEP in normal subjects is a prerequisite for potential clinical value of the StrEP in patients; when the StrEP cannot be elicited consistently in normal subjects, absence or alteration of the StrEP cannot be related to pathology. Secondly, we explore StrEPs in a small group of subacute stroke survivors to evaluate whether the StrEPs and StrEP components can be measured in stroke survivors in the acute phase.
II. METHODS

A. Subjects
Twenty-two healthy volunteers (nine women, mean age 27 years, age range 23-35, four subjects were left-hand dominant) participated in this study as normal subjects. The dominant hand was determined using the Dutch handedness questionnaire [19] .
Eight first-ever hemispheric stroke patients participated in this study (one woman, mean age 57 years, age range 35-77). All stroke subjects were measured within 6 months post stroke (range 13-135 days post stroke). Stroke subject details are presented in Table I . Lesion location and class were determined based on clinical signs and CT images. In the Netherlands, the use of MRI imaging is not part of standard clinical care for this patient group. All stroke subjects had normal wrist proprioceptive function according to the Erasmus MC Modifications of the (revised) Nottingham Sensory Assessment [20] . Within the group of stroke subjects a distinction was made between subjects with good and poor motor function based on the Brunström Fugl-Meyer (FM) upper extremity score [21] . Five stroke subjects had a FM-UE of 63 or higher (maximum FM-UE score is 66). These subjects were able to move outside synergistic movement patterns, but some subjects experienced some loss of muscle strength. These five stroke subjects were considered to have good motor function. The remaining three subjects had considerably lower FM-UE scores and scored less than 30 points. These subjects were unable to move outside synergistic movement patterns and experienced severe loss of muscle strength and coordination. These three subjects were considered to have poor motor function.
All measurements were conducted in accordance with the Declaration of Helsinki. The measurements with the normal subjects were performed at the University of Twente and Measurements with the stroke subjects were performed at the Leiden University Medical Center and were approved by the Medical Ethics Review Committee of the Leiden University Medical Center (Leiden, the Netherlands). All subjects gave signed informed consent before the measurements.
B. Experimental Setup
Subjects were seated next to a wrist manipulator (Moog Inc., Nieuw-Vennep, the Netherlands), see Fig. 1 . The wrist manipulator (WM) is an actuated rotating device with a single degree of freedom that can exert flexion and extension perturbations to the wrist joint. The lower arm of the subject was strapped in an arm rest while the subject held the handle of the WM. The axis of rotation of the WM was aligned with the axis of rotation of the wrist. The lever of the WM is equipped with a force transducer to measure the torques exerted by the subject.
EEG was measured using 64 scalp electrodes, placed according to the 5% electrode system [22] using a standard EEG cap with Ag/AgCl electrodes (measurements at University of Twente (normal subjects): WaveGuard cap by ANT, Enschede, the Netherlands. Measurements at Leiden University Medical Center (stroke subjects): actively shielded headcap by TMSi, Oldenzaal, the Netherlands). Electrode impedances were below 20 kOhm and signal quality was monitored online. The EEG was measured against common average reference. The electromyogram (EMG) was measured from the flexor carpi radialis and the extensor carpi radialis using bipolar Ag/AgCl electrode pairs placed on the muscle belly. In the normal subjects, the vertical electro-oculogram (EOG) was measured to monitor eye blinks, in the stroke subjects the frontal EEG channels (Fp1, Fpz and Fp2) were used to detect eye blinks. All physiological signals were sampled at 2048 Hz (Refa system by TMSi, Oldenzaal, the Netherlands). Fig. 1 . Left: overview of the experimental setup. Subject holds the lever of the WM and the lower arm is strapped in an arm rest using Velcro straps. To support the subject, visual feedback of the target torque and the exerted torque (2 Hz low-pass filtered with third-order Butterworth filter) are provided on the display in front of the subject. EEG is measured using a head cap (64 channels), bipolar EMG is measured from the flexor carpi radialis (FCR). Handle of the WM moves according to a block shaped reference profile, imposing fast flexion and extension ramp movements on the wrist. Right: portion of the block shaped position perturbation signal with a 50-ms stretch, position profile and velocity profile. During the transition between the two positions the handle has a constant velocity.
The angle of the WM and the torque exerted on the lever were synchronously measured on a separate system at 2048 Hz (Porti system by TMSi, Oldenzaal, the Netherlands) or via optical isolation modules on the same amplifier as the physiological signal.
C. Protocol
1) Normal Subjects:
Normal subjects exerted a constant wrist flexion torque on the handle of the WM, while the WM imposed block shaped angular position perturbations. Visual feedback of the exerted and the target torque were presented via a display. Subjects were instructed to keep the exerted torque within a range of 1.8 0.27 Nm. Because the maximum torque the WM could deliver was limited for safety reasons, maximal voluntary contraction torque could not be determined per subject. All subjects reported that this target torque could easily be maintained. For the visualization the exerted torque was filtered online (third-order low-pass Butterworth, 2 Hz).
The block-shaped angular position perturbations imposed alternating flexion and extension ramp-and-hold movements on the wrist. During the ramp movement the velocity of the WM was 2.4 rad/s. The interval between ramp movements is chosen pseudo-randomly to ensure an unpredictable perturbation for the subject and was an integer multiple of 400 ms. Combinations of ramp amplitudes and task instructions resulted in three conditions:
1) active 50-ms ramp: stretch duration of 50 ms during the isotonic force task (amplitude rad); 2) active 25-ms ramp: stretch duration of 25 ms during the isotonic force task (amplitude rad); 3) relaxed 50-ms ramp: stretch duration of 50 ms without an active task, subjects held the handle of the WM without applying a force. These tasks were part of a larger protocol which also included other types of tasks [23] . Subjects were given sufficient rest between parts of the protocol to prevent interference. To restrict the duration of the total protocol, not all subjects performed all tasks: all 22 normal subjects performed the two active conditions; ten normal subjects performed the relaxed condition as an additional task. Furthermore, nine subjects performed the protocol in a second measurement session. The two measurement sessions were separated by at least one week (range: 7-39 days, median: 16 days). For five subjects the second measurement included the relaxed 50-ms ramp task.
In all conditions, five 60-s trials were recorded with sufficient rest time to prevent fatigue. This results in a total of 360 joint movements. The order of the conditions was fixed and performed as indicated. Subjects performed an active 50-ms ramp trial to practice which was not included in the analysis.
2) Stroke Subjects: Based on the experience from the normal subjects, the protocol for the stroke subjects was slightly adapted. First, the block-shaped angular position perturbation was shortened and adapted. Some of the normal subjects indicated that the perturbation signal with the 50-ms ramps felt aggressive due to the large amplitude of the stretch and the high repetition rate. The ramp velocity was not changed. The position perturbation used with the stroke subjects had a ramp duration of 30 ms with a constant speed of 2.4 rad/s (amplitude rad). The minimal time between ramps was 500 ms. The same angular position perturbation was used in the measurements of all stroke subjects. Second, all stroke subjects performed the task both with the wrist at the affected side and at the unaffected side. At each side, at least 8 trials of 30 s were performed. This results in a total of 192 joint movements, from the normal subjects clear StrEP waveforms could be obtained with this number of segments. The affected side was measured first to ensure that data was always collected from the affected side even when the complete protocol would be too long for the stroke subject to finish. Third, and finally, after performing the measurements of the first two stroke subjects the task instruction was changed. The active tasks were challenging, also for the stroke subjects with good motor function. Two stroke subjects performed the active isotonic wrist flexion task, the other six stroke subjects were relaxed while they held the handle of the WM that moved according to the position perturbation. Table I indicates which task a stroke subject performed. The same task was performed at the affected and the unaffected side.
D. Data Analysis
Recorded signals were processed offline using MATLAB 7.11 (the MathWorks, Inc., Natick, MA, USA). Recorded EEG and EMG was high-pass filtered (1 Hz, fourth-order Butterworth filter applied with zero phase shift) to remove drift. EMG was rectified and subsequently low-pass filtered (80 Hz, fourth-order Butterworth filter applied with zero phase shift). All signals were segmented into epochs time locked to the onset of movement of the WM: from 200 ms before movement onset until 400 ms post-movement onset.
Segments were visually inspected and segments that contained eye blinks or muscle activity in the EEG were removed. Segments from relaxed task conditions were excluded when EMG activity was seen prior to movement onset. Presence of EMG activity was assessed visually by the variance of the signal prior to movement onset and the presence of action potentials in the signal. The mean stretch response was calculated by averaging the over all remaining extension movements.
EEG channels in remaining segments were further filtered using a low-pass filter (70 Hz, fourth-order Butterworth filter applied in the forward direction) and the 50 Hz component was removed from each segment using the discrete Fourier transform [24] . Finally, spatial selectivity of the EEG was enhanced by transforming to a nearest neighbor Laplacian derivation, i.e., each EEG channel was referenced to the mean of the four neighboring channels. When the task was performed with the left hand, the EEG channels were mirrored around the midline such that in visualization the hemisphere contralateral to the movement is always the left side.
Before calculating the mean StrEP the baseline of each segment was corrected by subtracting the average potential in the 50 ms before movement onset from the waveform. At each electrode the mean StrEP was obtained by averaging the baseline corrected waveforms over all segments. Note that the averaging includes both the flexion and the extension movements. By averaging over both flexion and extension movements the number of available segments for a single StrEP waveform doubles which reduces the influence of random fluctuations on the StrEP waveform. In preliminary analysis of the StrEP waveforms a high cross correlation coefficient was found between StrEPs obtained from flexion and extension segments. In the active 50-ms task cross correlation was 0.73 at the contralateral motor cortex and 0.87 at the vertex. In the active 25-ms task cross correlation was 0.74 at the contralateral motor cortex and 0.89 at the vertex. In the relax 50-ms task the cross correlation was 0.86 at the contralateral motor cortex and 0.87 at the vertex. These high cross correlations indicate that flexion and extension StrEP waveforms are highly similar (see also Fig. 2 ) and can be averaged to obtain a less noisy estimate of the StrEP waveform.
Two electrode positions were chosen for further evaluation of the StrEP waveform. The waveform at electrode C3 (C4 when the task was performed with the left wrist) was evaluated because in normal subjects, the early peak (within 60 ms after movement onset) was largest at this location. This location is referred to as contralateral motor cortex. In addition, the waveform at the vertex (Cz) was evaluated because in normal subjects, the overall largest peak was measured at this location.
1) Comparison of StrEP Waveforms:
In the normal subjects, similarity of StrEP waveforms was evaluated by calculating the cross correlation coefficient ( ms) between conditions and sessions for both the contralateral motor cortex and the vertex.
In the stroke subjects, similarity between the affected and unaffected side was evaluated by the cross correlation coefficient between the StrEP waveforms elicited by affected side movement and unaffected side movement. A Wilcoxon rank-sum test was used to compare cross correlation coefficients between the stroke subjects with good motor function and with poor motor function .
2) Evaluation of StrEP Features:
Specific features of the StrEP (Fig. 2) were further assessed as follows. In the waveform at the contralateral motor cortex the presence, amplitude and latency of the early peak was determined. The early peak was considered present if the maximum positive deflection at the contralateral motor cortex in the interval between 10 and 60 ms after movement onset exceeding the 99% confidence interval (CI): using
The standard deviation over repetitions of the averaged StrEP was divided by the square root of the number of segments to obtain the standard error of the mean. This was multiplied by 2.6 to obtain the 99% CI. Only if the early peak was larger than the 99% CI, i.e., the peak was present, the early peak latency and early peak amplitude were determined.
As later peaks stretch over a longer time interval, we used the mean absolute amplitude in the late interval at the vertex instead of considering individual peaks. The amplitude of the late peaks (late mean amplitude, ) was determined as the mean absolute amplitude in the late interval ( ms). The latency of the late peaks (50% late amplitude latency, ) was determined as the latency at which the cumulative absolute amplitude was 50% of the total cumulative absolute amplitude in the late interval.
In the normal subjects, the effect of condition, i.e., on StrEP features, was assessed by linear mixed model analysis, as this technique is particularly suited for unbalanced datasets [25] . For each StrEP feature, a model was fitted with the condition as a fixed effect factor and a variable intercept to allow inter-individual differences between the subjects. When a significant effect of the condition on the StrEP feature was found, estimated marginal means were used to test for differences between the active 50-ms ramp and the relaxed 50-ms ramp and between the active 50-ms ramp and the active 25-ms ramp. Bonferroni correction for multiple comparisons was applied. Linear mixed model analyses were performed with IBM SPSS Statistics version 20. Reliability of the StrEP features over the two sessions was evaluated using the intraclass correlation coefficient (ICC(2,1)) .
Absolute difference between the StrEP features of affected and unaffected hemisphere of stroke subjects with good motor function were compared to subjects with poor function using a Wilcoxon rank-sum test. 
III. RESULTS
A. Normal Subjects
The extension movements elicited typical stretch responses in the FCR muscle in the normal subjects (see Fig. 3 ). Typically, in the active 25-ms ramp condition, a single short latency response (within 50 ms after movement onset, mean latency : 30 ms, std: 3 ms) was elicited. In the active 50 ms the short latency response (mean latency: 30 ms, std: 4 ms) had an amplitude similar to the active 25-ms ramp condition. However, the longer ramp also elicited a longer latency response (between 50 and 150 ms after movement onset, mean latency: 67 ms, std: 7 ms). The relaxed 50-ms ramp condition elicited a single short latency response (mean latency: 32 ms, std: 3 ms) with an amplitude that was considerably smaller than in the active conditions.
In normal subjects, fast wrist movement elicited consistent StrEPs in all conditions. The StrEPs were mainly localized over the contralateral sensorimotor area with the early peak (within the 60 ms after movement onset) having the largest amplitude at electrode C3 (Fig. 4) .
The active 50-ms ramp and active 25-ms ramp elicited StrEPs with a similar waveform (see Fig. 3 ). The average cross correlation coefficient between the StrEPs in the active 50-ms condition and the active 25-ms ramp condition was 0.85 at the contralateral motor cortex and 0.92 at the vertex. Also in the active 50-ms ramp condition and the relaxed 50-ms ramp condition there were large similarities between StrEP waveforms, with an average cross correlation coefficient of 0.83 at the contralateral motor cortex and 0.76 at the vertex.
There was also a large similarity of the StrEP waveforms over sessions. The average cross correlation coefficient between the same conditions in the first and the second measurement session was 0.91 at the contralateral motor cortex and 0.93 at the vertex.
1) Variability of StrEP Features:
The active 25-ms condition elicited a significant early peak in all subjects and both sessions. The active 50-ms ramp condition also elicited a significant early peak in most subjects (21 out of 22 subjects in the first session and eight out of nine subjects in the second session). The relaxed 50-ms ramp condition elicited a significant early peak in all normal subjects that performed this condition in the first measurement (ten subjects). However, in the second measurement session the relaxed 50-ms ramp condition elicited a significant early peak in only two out of the five subjects that performed in task in the second session.
The averages of the StrEP features in the different conditions and sessions are listed in Table II . There was a significant effect of condition on the early peak amplitude . The early peak amplitude was on average 0.29 V larger in the relaxed 50-ms ramp condition than in the active 50-ms ramp condition according to post hoc comparisons . There was no effect of condition on the early peak latency and the effect of condition on the late mean amplitude was on the border of significance . Finally, there was a significant effect of condition on the 50% late amplitude latency . The average 50% late amplitude latency was 11 ms shorter in the relaxed 50-ms ramp condition compared to the active 50-ms ramp condition . Reliability of both StrEP features relating to amplitude was very good: early peak amplitude , late mean amplitude . The reliability of the StrEP features relating to time was good for the early peak latency . However, the reliability was poor for the 50% late amplitude latency: .
B. Stroke Subjects
The at the affected side of P11 was excluded because the signal contained large artefacts. The extension movements elicited stretch responses in the FCR muscles of the stroke subjects that performed the active task (P01 and P02, Fig. 5 , latency 42 ms for P01, latency 31 ms for P02). Stretch responses of the affected side FCR muscle were also elicited in the stroke subjects with poor motor function (P03 latency 35 ms, P04 latency 41 ms and P07 latency 42 ms), although these subjects were relaxed. These subjects also experienced some spasticity of the wrist as determined by the Ashworth scale [26] (Table I) . The muscle stretch responses were clearly visible in the EMG and consisted of a short latency muscle stretch response (Fig. 5) .
The quality of the EEG data recorded from the stroke subjects was poorer than in the normal subjects and more segments were rejected due to eye blinks or EMG artefacts. In the normal subjects on average 10% of the segments was rejected due to artefacts, in the stroke subjects on average 35% of the segments was rejected. Stroke subject P04 showed continuous muscle activity on channels C3 and C4 and on surrounding temporal electrodes, resulting in a very low signal-to-noise ratio, these channels were therefore excluded from analysis. Fig . 5 shows the individual StrEPs of the stroke subjects in response to affected and unaffected wrist movement. This figure shows that there is considerable inter-individual variation in StrEP waveforms and that the stroke subjects have different StrEP waveforms compared to the normal subjects, especially at the vertex. All stroke subjects presented a significant early peak at the contralateral motor cortex within the first 60 ms after movement onset, both in the StrEP elicited by movement at the affected and by movement at the nonaffected side. Especially in the later interval (between 60 and 300 ms after movement onset) and at the vertex, the shape of the StrEP waveform in stroke subjects differs from the typical StrEP waveform of the normal subjects. In this interval, the normal subjects grand average StrEP at the vertex is characterized by a negative deflection followed by a larger positive deflection peaking around 200 ms after movement onset. This large positive deflection was absent in most stroke subjects. Several stroke subjects (P02, P04, P05 and P07) showed a positive deflection around 100 ms. Only P01 showed StrEPs which resembled the global shape of the StrEPs seen in normal subjects at both affected and nonaffected side. Although this stroke subject had a good motor function, other subjects with good motor function did not necessarily present a close to normal StrEP waveform.
The early peak latency of the StrEPs of the stroke subjects fell in the same range as seen in the normal subjects (Fig. 6) . However, the early peak amplitude exceeded the range found in normal subjects in three stroke subjects. P05 showed a high early peak amplitude on both sides, P02 and P03 had a high early peak amplitude at the affected and unaffected side respectively.
For all stroke subjects, the late mean amplitude was low compared to the range of values found in the normal subjects (Fig. 6) . In P06 the late mean amplitude on the affected side was below the range seen in normal subjects. In P08 the late mean amplitude on the unaffected side was below the range of normal subjects.
In the stroke subjects with good motor function there was a considerable similarity between the StrEP waveforms elicited at the affected and the unaffected side. In the stroke subjects with poor motor function, the similarity between affected and unaffected hemisphere tended to be lower (Fig. 7, left side) . However, no statistical significant difference was found between the good and poor function stroke subjects (Wilcoxon rank-sum test:
at the contralateral motor cortex, at the vertex). The StrEP latency features (Fig. 7, right side) were similar at the affected and unaffected side (early peak latency , 50% late amplitude latency ). The amplitude features showed a larger degree of variation between the affected and unaffected side (early peak amplitude , late mean amplitude:
). There was no significant difference between stroke subjects with good and poor motor function in the absolute difference between StrEP features at the affected and the unaffected side (Wilcoxon rank-sum test:
for the early peak amplitude, for the early peak latency, for the late mean amplitude and for 50% late amplitude latency).
IV. DISCUSSION
In this study we evaluated the cortical response to fast muscle stretch: StrEP. The StrEP waveform of normal subjects is characterized by an early peak within 60 ms after movement onset over the contralateral primary motor cortex, and a complex of late peaks between 60 and 300 ms after movement onset at the vertex. In stroke survivors the early peak was also present. However, they showed abnormal late peaks both in the StrEP elicited by affected and by unaffected wrist movement.
A. Consistent Stretch Evoked Potentials in Normal Subjects
The 25-and 50-ms ramps elicited clear muscle stretch responses in the active conditions. The 25-ms ramp only elicited a short latency response (within 50 ms after movement onset) while the 50-ms ramp elicited both a short and a long latency stretch response (between 50 and 150 ms after movement onset), this result is consistent with previous experimental work using a similar experimental setup [27] . The short latency response is generally thought to be mediated by a monosynaptic reflex pathway. The origin of the long latency reflex is more complex, several pathways may contribute to this reflex including a transcortical pathway [16] , [28] , [29] .
Although the muscle stretch response recorded by the EMG depends on the direction of joint movement, StrEP waveforms obtained from flexion and extension movements were very similar (Fig. 2) . This suggests that the responses to flexion and extension movements are generated by cortical populations of neurons that are so close that the EEG cannot distinguish between them. A potential effect of direction on StrEP features has been lost by collapsing over movement direction, such an effect could be caused by a difference in sensitivity of muscles spindles between the active wrist flexion muscles and the passive wrist extension muscles in the active tasks. However, averaging over both flexion and extension movements doubles the number of available segments and substantially increases the signal-to-noise ratio of the StrEP [17] . As the signal-to-noise ratio of the EEG data from the stroke subjects could be very poor, averaging over flexion and extension movements allows including more segments without increasing the total recording time for the subjects.
Within a single subject the StrEP waveform was very similar over the two stretch amplitudes (mean cross correlation 0.85) and also when comparing StrEPs during the active conditions (i.e., an isotonic wrist flexion task) and the relaxed conditions (mean cross correlation 0.76). In all task conditions the StrEP waveform is characterized by an early peak at a latency of 40 ms after movement onset, localized at the sensorimotor cortex contralateral to the wrist movement. In the later interval (between 60 and 300 ms after movement onset) the StrEP has the largest amplitude at the vertex and is characterized by an initial negative deflection, followed by a positive deflection, peaking at around 200 ms after movement onset (Fig. 3) . The global StrEP waveform is in concordance with the waveforms elicited by muscle stretch in previous studies, although detailed comparison of latency and amplitude features is hampered by differences in the type of perturbations applied, EEG derivation and data processing [15] [16] [17] , [28] .
The active 25-ms ramp condition elicited a significant early peak in all normal subjects, while the 50-ms conditions did not elicit this peak in some subjects. This suggests that shorter ramp movements may be more suitable for eliciting the early peak of the StrEP. It was previously reported that an early peak, between 30 and 50 ms, after movement onset was not consistently present after passive movement of at least 100 ms of the index finger [17] .
Despite the differences in elicited muscle stretch reflexes, the two ramp amplitudes did not result in significant difference between StrEP features. Processes leading to the muscle stretch response and the StrEP occur partly via the same pathway carrying sensory input from muscle spindles and Golgi tendon organs to the spinal cord. However, the StrEP involves the entire afferent sensory pathway including the cortex, while the muscle stretch response involves the spinal reflex pathways. Neural networks resulting in the modulation of the muscle stretch response are not necessarily part of the afferent sensory pathway eliciting the StrEP. The different pathways involved in muscle stretch response and StrEP could explain the difference in sensitivity to perturbation characteristics like the ramp amplitude. A model simulation study previously showed that also the monosynaptic Ia afferent pathway can explain the appearance of long latency responses in the muscle stretch reflexes as a function of stretch duration [27] .
StrEP features were sensitive to small changes in the StrEP waveform in the different task conditions: the initial peak amplitude was larger and the 50% late amplitude latency shorter in the relaxed compared to the active 50-ms ramp condition. Previous studies obtained varying results on changes of StrEP features due to different task instructions. Abbruzzese et al. [15] showed covariation of long latency muscle responses and early StrEP amplitudes (30-75 ms after wrist extension onset) with task instruction. Intention related modulation of early StrEP amplitudes (45 ms after wrist extension onset) was also shown by Spieser et al. [28] . In contrast to these studies, MacKinnon et al. [16] found that StrEPs elicited during tasks with different instruction were only different more than 135 ms after wrist extension onset, which does not support a relation between a transcortical reflex loop and the StrEP.
While the results on modulation of StrEP features with task instruction are inconclusive, the electrically elicited SSEP is sensitive to differences in tasks. Some of the earliest components of the SSEP are suppressed during active and passive movement, as compared to a resting condition [30] , [31] . This effect is known as "gating" and represents the modulation of the sensitivity of the cortex to various, competing sources of sensory information. However, in the SSEP paradigms the different task instructions introduce input to sensory modalities that are inactive in the resting condition. In the StrEP paradigm, the type of sensory input, i.e., movement and torque, is the same in the different tasks; no other sources of sensory input are added. The modulation of StrEP features could therefore represent a different mechanism.
An important aspect of the usefulness of the StrEP as a potential clinical measure for proprioceptive function after stroke is the reliability of the StrEP waveform and features over multiple sessions [32] . StrEP waveforms were very similar over two sessions with between session cross correlations being larger than the between tasks cross correlations. Generally, the reliability of the StrEP amplitude features (early peak amplitude and late mean amplitude) was very good. However, the reliability of the early peak is limited due to its inconsistent presence in the 50-ms ramp tasks. Subjects could even present the peak in one session and not in the second session. The active 25-ms task did always elicit the early peak. Most suitable to differentiate between subjects thus seems to be the late mean amplitude, this feature can always be extracted from the StrEP and the between session variance is small compared to the variance between sessions.
B. Stretch Evoked Potentials After Hemispheric Stroke
The possibility to elicit StrEPs during a relaxed task similar to those during an active task opens the possibility to investigate processing of proprioceptive input also in stroke survivors that are not able to voluntarily generate force. Especially in this severely impaired patient group, prediction of the potential motor recovery is difficult [33] . Given the importance of sensory feedback for voluntary motor control and motor learning, assessment of proprioceptive function and sensorimotor integration may aid in the prediction of the potential motor recovery. Such assessment is needed early after stroke, within four weeks post stroke, as recovery in this time window predicts the recovery of a patient after six months [34] . Monitoring recovery of sensorimotor function in these first weeks after stroke will potentially be most valuable and our results show that the StrEP can be elicited within this time frame in subjects with poor motor function.
Fast wrist movement elicited StrEPs both in stroke subjects with good motor function and with poor motor function . Despite the large heterogeneity in subject characteristics and StrEP waveforms, all stroke subjects showed the early peak at the contralateral motor cortex within 60 ms after movement onset. This peak most likely represents the arrival of afferent sensory information from the muscle spindles to the motor cortex [16] [17] [18] . The presence of the early peak shows intact afferent pathways in all stroke subjects, which is in line with the clinical assessment of sensory function Nottingham sensory assessment scale.
While it is likely that the early peak of the StrEP indicates the arrival of afferent sensory information, the meaning of the late peaks is unknown but possibly indicates the processing of proprioceptive input from the muscle spindles by a cortical sensorimotor network. The large variety of StrEP waveforms in the stroke subjects then indicates changes of this sensorimotor network after stroke. While abnormal StrEP waveforms were also seen in stroke subjects with good motor function, changes in the sensorimotor network do not necessarily represent poor motor control. In subacute stroke survivors, StrEP waveform is altered but does not allow discrimination between good and poor motor function.
An unexpected result is that although stroke affects one hemisphere, the StrEP elicited by unaffected wrist movement was not necessarily similar to the StrEPs of the normal subjects. Although the StrEP waveforms at the vertex and the contralateral motor cortex were abnormal both in subjects with good and poor motor function, stroke subjects with good motor function tended to have a larger similarity between StrEPs elicited at the affected and unaffected side. However, no significant difference was found in our small group of stroke subjects. A recent study [35] showed that in chronic stroke subjects, recovery is not associated with the absolute normality of beta band EEG power and corticomuscular coherence during muscle contraction but rather with the symmetry of these measures between the ipslesional and contralesional hemisphere. It may be more valuable to compare stroke subjects with themselves instead of healthy controls, as recovery may not result in a restoration of the pre-stroke activity pattern but rather with a new balance between both hemispheres. In our results, the cross correlation between StrEP waveforms seemed to be smaller in the stroke subjects with poor recovery but the difference did not reach statistical significance. Although we cannot confirm this from the current data set, it is expected that the StrEP, like the SSEP, in normal subjects exhibit a large degree of similarity [36] .
1) Study Limitations and Future Directions:
Quantitative comparison of StrEP features between normal and stroke subjects in this study is hampered due to nonmatched characteristics of the two populations. Subject age can affect the expected latencies of evoked potential peaks due to decreased fibre conduction velocity [37] . Within our study, such conduction velocity related effects would mainly result in increased initial peak amplitude latencies; an overall alteration of evoked potential waveform, like we saw in the stroke subjects, is not expected. One study evaluated age-related changes of evoked potentials induced by joint movement [14] . In that study, cortical potentials induced by ankle flexion did not change as a function of age. However, with only ten subjects, their study population was relatively small. Despite the age difference between the normal and stroke subjects, we found that the stroke subjects all present the initial peak at latencies comparable to the normal, younger, subjects. We did see a large variety in StrEP waveforms in the late interval in the stroke subjects. Although we cannot rule out that age differences contributed to the observed abnormal StrEP waveforms in stroke subjects, age differences are not likely to be the sole explanation.
The difference in task instruction and perturbation characteristics also hampers the direct comparison between normal and stroke subjects. However, like the age differences, these changes in the protocol are not expected to fully explain the abnormal StrEP waveform seen in the stroke subjects. In the normal subjects, the shortening of the ramp duration increased the likelihood of eliciting a significant early peak. Although the initial peak amplitude and the 50% late amplitude latency differed between the active and relaxed task, the correlation coefficients were high between StrEPs obtained in active and relaxed conditions (average cross correlations 0.75) indicating that the global StrEP waveform did not change between conditions.
Further assessment of the relation between the StrEP and sensorimotor function after stroke requires data of a larger cohort of patients and matched controls, including patients with good and poor motor function and with good and poor sensory function. Future work should include the longitudinal assessment of StrEP and sensorimotor function in a large cohort of patients from the subacute until the chronic phase to monitor changes in cortical processing of sensory input in relation to recovery. As clinical assessment of sensory function is shown to be unreliable [38] , proprioceptive function may be evaluated with objective and quantitative assessment of position sense by robotic devices [39] . Eliciting StrEPs can easily be combined with such robotic assessment of position sense or with robotic rehabilitation training. Comparison of the StrEP with the electrically elicited SSEP in such a longitudinal study design should provide insight into how the cortical response to different types of sensory input is related to sensorimotor integration and recovery of motor function.
C. Conclusion
Measurement of cortical responses evoked by fast joint movement (StrEPs) potentially offers a method to objectively measure the integrity of the afferent sensory pathways associated with proprioceptive function and sensorimotor function. In normal subjects, StrEPs have a very consistent waveform across conditions and sessions. With this property the StrEP meets an important prerequisite for clinical value. The peaks at different latencies allow separation between the arrival of input at the cortex and subsequent processing of this information. Measurement of the StrEP is feasible in subacute stroke patients and our first exploration of StrEPs in this patient group indicates that even subjects with good motor function may show abnormal StrEP waveforms. We found no clear association between StrEP features and good or poor motor function in this population, leaving the relation between StrEP features and clinical phenotype to be established.
